Objectives Female anorectal Chlamydia trachomatis (chlamydia) infections are common irrespective of recent anal sex. We explored the role of anorectal infections in chlamydia transmission and estimated the impact of interventions aimed at improved detection and treatment of anorectal infections. Methods We developed a pair compartmental model of heterosexuals aged 15-29 years attending STI clinics, in which women can be susceptible to or infected with chlamydia urogenitally and/or anorectally and men urogenitally. Transmission probabilities per vaginal and anal sex act, together with an autoinoculation probability, were estimated by fitting to anatomic site-specific prevalence data (14% urogenital; 11% anorectal prevalence). We investigated the 10-year reduction in female chlamydia prevalence of interventions (universal anorectal testing of female STI clinic attendees or doxycycline use for urogenital chlamydia) relative to continued current care (anorectal testing on indication and doxycycline for anorectal and azithromycin for urogenital chlamydia). Results The transmission probability per anal sex act was 5.8% (IQR 3.0-8.3%), per vaginal sex act 2.0% (IQR 1.7-2.2%) and the daily autoinoculation probability was 0.7% (IQR 0.5-1.0%). More anorectal chlamydia infections were caused by autoinoculation than by recent anal sex. Universal anorectal testing reduced population prevalence modestly with 8.7% ), yet the reduction was double that of doxycycline use for urogenital infections (4.3% (IQR 3.5-5.3%)) relative to continued current care. Conclusions Autoinoculation between anatomic sites in women might play a role in sustaining high chlamydia prevalence. A shift to more anorectal testing of female STI clinic attendees may be considered for its (albeit modest) impact on reducing prevalence.
INTRODUCTION
Chlamydia trachomatis (chlamydia) is the most commonly reported bacterial STI worldwide and, 1 when untreated, can lead to serious long-term complications including pelvic inflammatory disease and infertility. As well as urogenital infections, chlamydia can also cause anorectal infections, with anorectal prevalences found between 5.6% and 17.5%. 2 Women with anorectal chlamydia infection often have a concurrent urogenital chlamydia infection (71-95%) and vice versa (33-83% with a urogenital infection have a concurrent anorectal infection). 2 Anorectal testing for chlamydia is often advised on indication in women with anal symptoms or recent anal sex. [3] [4] [5] Studies on routine universal anorectal testing consistently found similar anorectal chlamydia prevalence in women with or without anal symptoms or history of anal sex. [6] [7] [8] This suggests that by testing on indication only, many anorectal chlamydia infections are missed. Furthermore, when women are infected at both locations, but not tested for anorectal infection, they receive the standard treatment for a urogenital infection, which is often azithromycin. 3 5 9 A recent randomised controlled trial (RCT) found high efficacies for azithromycin (97%) and doxycycline (100%) in treating urogenital infections. 10 However, there are no RCTs on the efficacy of azithromycin and doxycycline in clearing anorectal infections and a recent systematic review, based on observational studies, showed reduced effectiveness for treating anorectal chlamydia with azithromycin compared with doxycycline (83% vs 99.6%). 11 These findings suggest that many anorectal infections are suboptimally treated with the azithromycin provided for urogenital chlamydia, which could be a potential obstacle for controlling chlamydia transmission and its complications.
The high co-occurrence of anorectal and urogenital infections in women might be indicative of an autoinoculation process in which one anatomic site is inoculated with infective bodies from the other site. 12 Taking autoinoculation into account, it has been calculated that the chance of a woman remaining free of urogenital chlamydia infection after treatment could be almost six times higher for doxycycline compared with azithromycin. 13 However, the role of autoinoculation in chlamydia transmission has not yet been quantified.
Insights into the role of anorectal infections in chlamydia transmission and possible autoinoculation routes are needed for optimising testing and treatment guidelines. Mathematical modelling is a tool for understanding transmission of infections in a population and for estimating the impact of interventions. Here, the first aim is to develop a mathematical model to quantify the contribution of anorectal infections and autoinoculation in chlamydia transmission in women. The second aim is to estimate the population-level impact of interventions aimed at reducing anorectal chlamydia infections. 
METHODS

Dynamic transmission model
We used a deterministic pair compartmental model describing the pair formation and separation of heterosexual men and women aged 15-29 years attending STI clinics. The model is based on existing general population pair models. 14 Here, the pair model was extended in two ways. First, two anatomical infection locations were incorporated for women: anorectal and urogenital location. Since anorectal infections among heterosexual men are scarce, 2 only the male urogenital location was incorporated. Second, the model was extended to include two types of partnerships: one that includes anal sex as well as vaginal sex and one with vaginal sex only. The partnerships can be formed and broken up at any time. A detailed description of the model is given in the online supplementary text S1, and the parameters and their values are shown in table 1 and online supplementary tables S1 and S2.
In brief, at both anatomic locations, individuals can either be susceptible or infected. We assumed natural clearance of infection to be site-specific, meaning that women can clear the infection at one anatomical location but stay infected at the other anatomical location. After treatment, or after site-specific natural clearance, individuals can become susceptible again. There are three ways of becoming infected. First, a transmission probability per vaginal sex act is included, leading to urogenital infections in both men and women. In order to confine the number of unknown parameters, we assumed the same probability for male-to-female as female-to-male transmission. Second, a transmission probability per anal sex act is included, leading to anorectal infections in women and urogenital infections in men, again with the same probability for transmission in either direction. Third, for women only, an autoinoculation process is included as a daily probability that an urogenital infection leads to an anorectal infection or that an anorectal infection leads to an urogenital infection, with the same probability in either direction.
Empirical data
We used data from female STI clinic visitors attending the South Limburg Public Health Service between May 2012 and July 2013, where patients aged 18 years and older were offered routine universal chlamydia testing on both anatomical locations. 6 Samples were tested for chlamydia using nucleic acid amplification assays (NAAT). We used data from all heterosexual females aged 18-29 years (n=434) excluding sex workers or swingers to obtain point estimates of urogenital, anorectal and concurrent (urogenital and anorectal) infection prevalence and 95% CIs and to obtain the percentage reporting anal sex. All other behavioural parameters are from all STI clinic attendees aged 15-29 years or other relevant sources.
Calibration procedure
The three transmission probabilities ( per vaginal and anal sex act transmission probability and autoinoculation probability) were calibrated to the STI clinic data assuming a background female testing uptake of 14% per year, 15 a partner notification probability of 0.5 16 and the Dutch standard of care. 17 In this standard of care, all STI clinic attendees receive urogenital chlamydia testing and only women who reported having had anal sex in the six months prior to their clinic visit are also tested Female testing uptake, % per year 14 15 Period of recent anal sex to determine which treatment to provide, months 6
Partner notification probability 0.5 16 *Data of heterosexuals are lacking, so value was taken from young men who having sex with other men. †These parameters are used to estimate the yearly pair formation and separation rates. Only number of partners in the last half year is routinely collected. The median number (two partners per year) is used and transferred to partners per year by multiplying by 1.5. ‡Routinely collected data of heterosexual STI clinic attendees (men and women) aged 15-29 years in South Limburg, the Netherlands, between 2006 and 2013. §In the model, this parameter is decomposed in a fraction of people that prefers anal sex (40%) and a probability of anal sex in partnerships where one person wants anal sex and the other one not (15%). ¶Data of female STI clinic attendees aged 18-29 years in South Limburg, the Netherlands, who were included in the study on routine universal anorectal testing. **Effectiveness is defined in the model as the percentage of people that are susceptible again after treatment.
anorectally. For chlamydia treatment, a single dose of azithromycin (1 g) is prescribed for urogenital infections, and 7-day (100 mg twice daily) use of doxycycline for anorectal infections when detected by testing. Details of the calibration procedure can be found in the online supplementary text S2. Only sets of transmission probabilities that resulted in model point prevalences that fell within the 95% CIs of the data are used throughout the paper. For each of these parameter sets, we counted the cumulative number of events that resulted in transmission between individuals and within one individual between anatomical sites. We then calculated the distribution of events per anatomical location by dividing the cumulative number of infections caused by vaginal intercourse or by autoinoculation from the anorectal to the urogenital site by the total cumulative number of urogenital infections. For the anorectal location, we divided the cumulative number of infections caused by anal intercourse or by autoinoculation from the urogenital to the anorectal site by the total cumulative number of anorectal infections (see online supplementary text S1). All results are provided as medians and IQRs.
Intervention scenarios
We tested the impact of three different intervention scenarios (table 2) . The impact is defined as the relative difference in chlamydia prevalence of female STI clinic visitors 10 years after introducing the intervention compared with continuation of the standard of care. First, we estimated the impact of universal doxycycline use, meaning that all people testing positive for urogenital chlamydia receive doxycycline. Second, we estimated the impact of universal testing on both anatomic sites where single urogenital infections were treated with azithromycin and anorectal infections were treated with doxycycline. Last, we tested the impact of both interventions combined.
Uncertainty analyses
We performed uncertainty analyses on the impact of the intervention for various parameters including the anorectal infection duration, the anal sex frequency, the percentage of people with recent anal sex to account for possible under-reporting, and the azithromycin and doxycycline effectiveness in treating anorectal and urogenital infections. We also looked at a scenario in which the standard of care for treating anorectal infections was azithromycin (eg, in the USA 4 ) and a scenario with higher testing uptake (increased from 14% to 40% in 10 years as obtained in England). Last, we fitted the model to two other data sources on universal testing (see online supplementary text S3 and figure S2 ). 7 8 For every uncertainty analyses, we refitted the model to the data and analysed the impact of interventions using the transmission probabilities that agreed with the data.
RESULTS
The model was able to produce chlamydia prevalence in agreement with the Dutch STI clinic visitor data ( figure 1A) . The anal infection prevalence in women was slightly higher in the model compared with the data, but still well within the CIs of the data.
Quantifying transmission
We found a median transmission probability of 2.0% (IQR 1.7-2.2%) per vaginal sex act from men to women and women to men ( figure 1B) . The anal sex probability was more than twice that of vaginal sex, that is, 5.8% (IQR 3.0-8.3%) from men to women and women to men. The female median daily autoinoculation probability was lower (0.7%; IQR 0.5-1.0%) than the per sex act transmission probabilities.
Using the calibrated transmission probabilities, we calculated the proportion of infections in females that were caused by intercourse or autoinoculation per anatomical location ( figure  1C ). In the model, more urogenital infections were caused by vaginal sex (57%; IQR 46-64%) than by autoinoculation (43%; IQR 36-54%). The contribution of autoinoculation in anorectal infections was much larger, that is, 87% (IQR 81-93%) compared with 13% (IQR 7-18%) through anal sex.
Impact intervention scenarios
The impact of the interventions is calculated as the relative reduction in female STI clinic visitors prevalence compared with continuation of the standard of care (see online supplementary figure S1). Introducing doxycycline as the universal treatment for all detected chlamydia infections had only a modest relative impact on reducing the total (urogenital and/or anorectal) chlamydia prevalence in the female STI clinic visitors population: the prevalence was reduced by 4.3% (IQR 3.5-5.3%) after 10 years compared with continuation of the standard of care in these 10 years (table 3) . In absolute terms, this means that the total chlamydia prevalence in this STI clinic population (15.5%; IQR 16.7-18.2%) was only slightly reduced by 0.7% (IQR 0.6-0.9%). Introducing routine universal testing on both anatomic locations had almost double the impact on reducing chlamydia prevalence (a relative reduction of 8.7% (IQR 7.6-9.7%) after 10 years). In absolute terms, this reduction was small, with an absolute reduction of the prevalence of 1.5% (IQR 1.3-1.6%). Both interventions combined resulted in the largest relative impact (9.3%; IQR 8.2%10.3%) after 10 years, but the additional impact compared with universal testing alone was negligible. For all interventions, the relative reduction was slightly larger in anorectal prevalence compared with urogenital prevalence since the intervention measures were aimed at enhancing anorectal detection and treatment (see online supplementary tables S3 and S4). 
Uncertainty analyses
The estimated impact of the intervention measures in reducing population prevalence was robust for the tested assumptions (table 3; see online supplementary tables S3 and S4) . However, a larger reduction in population prevalence was estimated when assuming a lower azithromycin effectiveness in clearing anorectal infections and when azithromycin was the standard of care for treating anorectal infections. Additionally, for universal testing only, a larger reduction in prevalence was estimated when assuming a longer anorectal infection duration.
DISCUSSION
Our results suggest that autoinoculation between the female urogenital and anorectal location might play an important role in chlamydia transmission and in sustaining high chlamydia prevalence in women. While chlamydia is about equally prevalent at both the urogenital and the anorectal site, we showed that urogenital infections were much more due to vaginal sex than anorectal infections were to anal sex. This suggests that most infections in women start at the urogenital location through vaginal sex and are then transmitted to the anorectal site through autoinoculation. We also showed that, in a setting where doxycycline is provided for anorectal infections, adding routine universal anorectal testing of women was more effective in reducing STI clinic female prevalence compared with universal doxycycline use for urogenital and anorectal infections.
To our knowledge, we are the first to incorporate anatomic site-specific chlamydia infections in heterosexual population models. A strength of the model is that it incorporates partnership duration explicitly, meaning that reinfection from an infected partner within partnerships can occur. Another strength is that the model was validated using empirical data, enhancing the usefulness for policymaking. The results were robust across data sources from different settings and for most deviations in the assumptions. There are also limitations to the study. First, the model did not incorporate other possibilities than sexual exposure or autoinoculation on how people might become infected at the anorectal site such as via the gastrointestinal tract through oral sex (as suggested in animal models). 12 Second, we assumed that all anorectal infections were also infectious. Current diagnostics for chlamydia (NAAT) cannot distinguish between live and dead organisms to indicate possible infectiousness. Bacterial load may provide some clues on this, and a recent study found that anorectal chlamydia load was within a similar range in women and men who have sex with men (MSM). 18 Last, since the model is fitted to STI clinic data, it contains one group that is characterised by relatively high-risk sexual behaviour and high chlamydia prevalence compared with the general population. We speculate that adding more heterogeneity in the model (ie, by including low-risk individuals or allowing for dispersion of high-risk behaviour among STI clinic visitors) would estimate a smaller impact of the interventions on reducing prevalence. 19 We incorporated site-specific natural clearance of the infections rather than individual-level clearance of infection. This means that when a woman is infected at both anatomical locations, she might clear the infection at one location, but not necessarily at the other. She would then be able to reinfect herself, thereby prolonging her infectious period, 20 which might have led to an overestimation of the autoinoculation probability. While the possibility of site-specific clearance for chlamydia is still unknown, our assumption is in line with a previous modelling study looking at the role of site-specific infections in gonorrhoea transmission. 21 Furthermore, a study on human papillomavirus acquisition and clearance among MSM estimated different clearance rates between the anorectal and urogenital locations, suggesting that individual-level clearance is not necessary. 22 The transmission probability per vaginal sex act found here was lower than that found in previous chlamydia models. Most pair models estimated transmission probabilities between 6% and 17% 14 23 compared with 2% in our study. This can be explained by the extra force of infection from the autoinoculation process in the current model, where the probability of becoming vaginally infected can be seen as a combination of both probabilities. Furthermore, compared with the other models, we assumed more sex acts per week (since we model STI clinic visitors) and no duration of immunity, which results, with equal duration of infection, automatically in a lower probability of transmission per vaginal sex act. Our weekly probability of becoming infected either by vaginal sex or autoinoculation was 9%.
Our results are suggestive of a chlamydia autoinoculation process between anatomical sites in women. Support for an autoinoculation theory mainly comes from observational studies since hard evidence for this theory is lacking. For example, several studies found high anorectal detection rates in women not reporting anal intercourse. 2 It is unknown whether other routes of transmission than autoinoculation could in part explain anorectal chlamydia detection. A recent study found that the anal use of fingers or toys was not associated with anorectal chlamydia detection, making this route of transmission less likely. 6 Further observational evidence for autoinoculation processes comes from urinary tract infections, where bacteria that have their origin in the intestines invaded the urinary system. 24 Moreover, our results that a large proportion (43%) of chlamydia infections at the urogenital site were caused by autoinoculation are also in line with studies showing high repeated urogenital chlamydia infection rates among women. 14 25 We estimated the relative impact of routine universal testing on reducing chlamydia prevalence to be almost double that of universal doxycycline treatment. An important factor that influences the impact of universal anorectal testing is the proportion of single anal infections. There is uncertainty around the prevalence of single anal infections in women, resulting in published estimates ranging between 4% and 25%. 2 In the model, the anorectal prevalence is slightly higher than the data (but still within the CIs), resulting in a slightly higher percentage of single anorectal infections (22%). However, this is well within the ranges published in the literature. 2 Moreover, it is questionable if universal anorectal testing is feasible in practice since it would be costly to test all female STI clinic visitors on both anatomic locations. Future studies should include economic evaluations of the clinical impact of the interventions aimed at anorectal infections, taking into account the possibility that long-term complications such as infertility and ectopic pregnancies are averted by interrupting autoinoculation and thereby preventing repeated urogenital infections.
There is ongoing debate about the type of treatment for urogenital chlamydia infections, but a recent RCT did not find evidence that azithromycin was non-inferior to doxycycline in treating urogenital chlamydia. 10 We showed that introducing doxycycline as the standard treatment for urogenital chlamydia only slightly reduced chlamydia prevalence in STI clinic visitors compared with continuation of azithromycin. It should be noted that the limited reduction in chlamydia prevalence was found when anorectal infections were already treated with doxycycline in the standard of care. When azithromycin is the standard of care for treating anorectal infections (as in the USA), 4 a larger impact on reducing prevalence by introducing doxycycline treatment is expected. In both cases, introducing doxycycline as the standard treatment for chlamydia infections might still be beneficial on the individual level by preventing complications or the development of antimicrobial resistance against Mycoplasma genitalium.
26 The largest impact of universal doxycycline treatment on reducing chlamydia prevalence was found for low values of the azithromycin effectiveness in clearing anorectal infections, highlighting the need for RCTs to determine treatment efficacies for anorectal chlamydia. 9.1 (7.6-9.9) 9.8 (8.5-10.5)
In conclusion, autoinoculation between anatomic sites in women seems likely and could be important for continuing chlamydia transmission. Continued doxycycline use for anorectal chlamydia, together with a shift to more anorectal testing of female STI clinic attendees, may be considered for its (albeit modest) impact on reducing the continuously high-population chlamydia prevalence.
Key messages
▸ Studies on routine universal testing show that anorectal infections in women are common, irrespective of reported anal intercourse. ▸ The mathematical model suggests that urogenital infections are often due to vaginal sex while anorectal infections are infrequently due to anal sex. ▸ Autoinoculation between the female urogenital and anorectal anatomic location might play a role in sustaining high chlamydia prevalence. ▸ A shift to more anorectal testing of female STI clinic attendees might be considered for its (albeit modest) impact on reducing prevalence.
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